Abstract In this study it was planned to investigate the effect of oxidized phosphatidylcholine (derived from egg) feeding on lipid peroxidation of different tissues in rats. Male Wistar albino rats were fed oxidized and unoxidized phosphatidylcholine for 2 and 4 weeks, respectively. During the period of study food intake and body weights of animals increased gradually. Animals fed oxidized phosphatidylcholine for 2 and 4 weeks showed 33 and 15% spontaneous hemolysis of red blood cells in vitro. Under identical experimental conditions animals given unoxidized phosphatidylcholine showed 14.5 and 13.4% hemolysis for 2 and 4 week's period, respectively. Thiobarbituric acid reactive substances (TBARS) level in thymus, spleen, kidney, heart, liver and lung significantly increased in rats given oxidized phosphatidylcholine as compared to unoxidized group. Furthermore, in oxidized phosphatidylcholine group TBARS values in kidney, liver and lungs continued to rise for 4 weeks of treatment while TBARS level in heart, spleen and thymus was found to be decreased at the end of 4 weeks of oxidized phosphatidylcholine feeding. Plasma triacylglycerol and cholesterol was found to increase in rats who had received oxidized phosphatidylcholine for 2 weeks. These findings suggest that excess and persistent intake of oxidized phosphatidylcholine can cause significant damage to organs.
Introduction
Lipid peroxidation, one of the major causes of food spoilage, leads to rancidity in foods containing fat. Numerous studies and biochemical investigations have suggested that lipid oxidation products, ingested with food or produced endogenously, represent a health risk [1, 2] and are implicated in several diseases such as cancer, atherosclerosis, inflammation and aging. Shimura et al. [3] reported the depression of lymphocyte functions by lipid peroxidation induced by cumene hydroperoxide in rats' spleenocytes. Lee and Wan [4] reported that the short term supplementation of 233 mg of vitamin E to healthy subjects can modulate cell-mediated immunity and reduce oxidative stress.
Studies concerning lipid peroxidation have been mostly carried out with neutral lipids, especially with fats and oils [5, 6] . But little is known about the toxicity and nutritive problems associated with oxidized phospholipids. Phospholipids are essential components of lipid metabolism. They individually or in combination exert distinct influence upon emulsification, digestion and absorption of dietary lipids [7] . Phospholipids are present virtually in all foods [8] , since they are the constituents of cell membranes in both plants and animals. They are widely used as multipurpose additives in the pharmaceutical and food industries. Phospholipids and its oxidized products have developed great interest in the field of medicine, nourishment, cosmetic and pharmaceutical industries [9] [10] [11] [12] [13] . Igene and Pearson [14] have pointed out that phospholipids are the contributors to oxidative rancidity in cooked meat. It has been reported that phospholipid fraction in chicken, beef, pork, lamb and sea foods are more prone to oxidation than triacylglycerols (TG) due to their relatively higher content of polyunsaturated fatty acids (PUFA) [15, 16] .
Sessa and co-workers [17] have reported that soybean phosphatidylcholine (PC) develops bitter taste on autoxidation.
Phosphatidylcholine is well distributed in several foods. Egg yolk, organ meats, spinach and wheat germ are its good sources. Phosphatidylcholine from different sources are used as food additives and as nutrition supplements [18, 19] . It is also used therapeutically to treat dementia, liver fibrosis and cirrhosis [18, 20] . Phosphatidylcholine can be easily oxidized during storage, processing and exposure to air by unregulated free radical reactions and thus may rapidly loose its activity. However, it is not very certain that which specific oxidation product of phospholipid is cytotoxic [21] . The present study was conducted to evaluate the toxicity of PC because of its wide applications as well as its nature to form highly toxic products. It was desirable to see the effect of oxidized PC in weanling rats and its subsequent effect on immunocompetent cells (thymus, spleen).
Materials and Methods
Phosphatidylcholine and thiobarbituric acid (TBA) were purchased from E. Merck, Germany and BDH Chemical, Poole, UK, respectively. Anhydrous sodium dihydrogen phosphate and disodium hydrogen was the product of Fluka, Switzerland. Enzymatic kits for the estimation of TG and cholesterol were from Sclavo, Spa, Milan, Italy. All the other chemicals used were of analytical grade. Solvents were distilled and dried prior to use.
Peroxidation of Phosphatidylcholine for Oral Intubation
Egg PC was dispersed on a petri dish and stored at 25-30°C for 2 months with frequent stirring and mixing using a glass rod. After the incubation period, the sticky brown colored PC was found to have 1200 mg/kg thiobarbituric acid reactive substances (TBARS), determined by the modified method of Yoshida and co-workers [22] . The oxidized PC was then stored at -20°C and used for oral intubation.
To obtain a uniform emulsion of oxidized PC for oral feeding, the PC (10 g) was mixed with milk (50 g) and the mixture was heated at 40 o C for 10 min with frequent stirring. The resulting emulsion sufficient for 1 day's feeding was kept in small amber colored bottle. Each bottle was flushed with nitrogen gas and stored at -20°C for no longer than 7 days. There was no significant difference in TBARS value of the PC emulsion during storage at -20°C as compared to freshly prepared PC emulsion. Treated animals were given 4.4 9 10 -3 g of oxidized PC/g body weight.
Fatty Acid Analysis Fatty acids of oxidized and unoxidized PC were converted to methyl esters for Gas Liquid chromatography (GLC).
Preparation of Methyl Esters
Phosphatidycholine samples (30-50 mg) were taken in a Teflon coated screw capped Pyrex glass tubes and esterified with 10 ml of freshly prepared methylating reagent (methanol: sulphuric acid: benzene, 85:4:10, v/v) as described by Ahmed et al. [23] . The resulting methyl esters were dissolved in dry hexane, purified by thin layer chromatography and analyzed by GLC.
GLC Analysis of Fatty Acids
The fatty acid methyl esters were quantitatively identified by GLC using Hewlett-Packard 5048A gas chromatograph. The chromatograph was equipped with 2 mm i.d. 9 10 ft column, packed with 5% DEGS-PS on 80-120 mesh, supelcoport. Nitrogen was the carrier gas and used at a flow rate of 20 ml/min. Both the injection and detector were maintained at 250°C. The column temperature was 120-250°C with a temperature programming of 2°C/min. Fatty acids methyl esters in the samples were identified by comparing the retention time with authentic reference standard mixtures integrated by a computing integrator. Figures reported are area percent of the individual peaks.
Animals and Diet
Twenty-eight days old male albino Wistar rats weighing 99.9 g ± 2.15 (Mean ± S.E.) were obtained from the Animal Care Center, King Saud University, Riyadh. They were individually housed in stainless steel cages in a room maintained at 25 ± 2°C with a controlled photo period of 12 h/day. Rats were randomly divided into four groups (six animals/group). They were fed with a commercial pelleted rat chow (Grain silos, Riyadh, Saudi Arabia) and provided with water ad libitum. Oxidized PC (4.4 9 10 -3 g/g body weight) was given orally by intubation to the animals of Group II and IV for the period of 2 and 4 weeks respectively on alternate days. Control animals of Group I and III received the same amount of fresh PC in milk for 2 and 4 weeks respectively. Food intake and body weight of the animals were also recorded on alternate days.
Blood, Tissue Collection and Sample Preparation
After 2 and 4 weeks of dietary treatment, the rats were food deprived for 12 h and anesthetized using diethylether (B.D.H. Chemicals Poole, UK). Blood was collected in heparinized vacutainer tubes (Becton-Dickinson Co., Rutherford, NJ) by cardiac puncture. The heparinized blood was gently mixed and centrifuged at 2000 rpm for 15 min (Model RT6000D & T6000D, Sorvall table top centrifuge, Du Pont Company, Wilmington, USA) to separate plasma and red blood cell (RBC). Plasma was frozen for further analysis while in vitro hemolysis of RBC was carried on the same day. Thymus, spleen, liver, lung, kidney and heart were swiftly excised and tissues were washed in ice-cold saline, dried, weighed and stored at -80°C till further analysis.
A portion of the tissues were later thawed, minced well and 10% (w/v) homogenate was prepared in ice-cold 0.01 M sodium phosphate buffer, pH 7.0 using a tissue homogenizer (Ultra-Turrax T25, Janke & Kunkel, IRALabortechnik). The homogenates were used for TBARS analysis.
Determination of In Vitro Hemolysis of RBC
Hemolysis of red blood cells was determined by the method of Draper and Csallany [24] as modified by Buckingham [25] . Red blood cells separated from plasma by centrifugation were washed three times with 0.9% saline. The washed RBCs were suspended at a concentration of 0.5% (v/v) in 0.01 M sodium phosphate pH 7.0 containing 0.15 M sodium chloride (PBS), at 37°C for 20 h and the absorbance was recorded at 540 nm against PBS. Percent hemolysis was measured by completely hemolyzing the same concentration of RBC in distilled water.
Assay for Lipid Peroxidation (TBARS)
The TBARS in tissue homogenates were measured using a modified TBA assay as previously described by Uchiyama and Mishara [26] . Modification of TBA assay was as follows: To a 0.5 ml of tissue homogenate (10%, w/v), 3.0 ml phosphoric acid (1%) was added, followed by 1.0 ml aqueous solution of TBA (0.6%). The mixture was heated in a boiling water bath for 45 min and after cooling to room temperature the product of TBA was extracted into 4.0 ml n-butanol. The n-butanol was separated by centrifugation at 2000 rpm for 10 min and the absorbance of butanol layer was recorded on a spectrophotometer (Ultrospec-lll, UV/visible spectrophotometer, Pharmacia, LKB) at 532 and 520 nm. The content of lipid peroxide as TBARS were calculated from the difference of absorbance, using MDA as standard and expressed as nmoles MDA/g wet tissue.
Lipid Analysis Total lipids in tissue homogenates were extracted with chloroform: methanol (2:1 v/v) and washed according to the procedure of Folch et al. [27] and sonicated (Fisher, Sonic dismembrator, model 150) in saline. Triglyceride and cholesterol in plasma and tissue extracts (dissolved in 1.0 ml of saline) were estimated spectrophotometrically using commercial enzymatic kits.
Statistical Analysis
The standard errors of the means were calculated and the data were subjected to student's t-test for statistical significance.
Results

Compositional Changes in PC During Oxidation
Egg PC on storage at 25-30°C for 8 weeks became highly rancid as evident from its obnoxious odor and TBARS value (1200 mg/Kg). The fatty acid composition and other chemical properties of PC are shown in Table 1 .
Comparing the fatty acid composition of oxidized PC and unoxidized PC, it was apparent that the content of total saturated acids was increased to 52.5% in oxidized PC as compared to 45.6% in unoxidized PC. Similarly, the total unsaturated acids were decreased in oxidized PC and the maximum decrease was observed in PUFA as they are more prone to autoxidation. In oxidized PC the linoleic acid (18:2) was decreased by 8.1% while docosahexaenoic acid (22:6) was decreased by 38.6%. The rate of deterioration of 22:6 compared to 18:2 was more because of its higher unsaturation.
Feeding and Growth
The average body weight of rats was 99.9 g ± 2.15 at the start of the experiment. Body weight and the food consumption of animals in all groups increased gradually for the period of 2 and 4 weeks as shown in Figs. 1 and 2 . There was insignificant difference among the treated and control rats. The organs weight (liver, heart, kidney, lung, spleen and thymus) in each group are shown in Table 2 , no significant difference in the weights of these organs were observed.
In Vitro Hemolysis of RBC
The spontaneous RBC in vitro hemolysis values of Group I and III (control animals) were 14.5 and 13.4% respectively. The percent hemolysis in Group IV animals (treated, 4 weeks) were not significantly changed (15%) as compared to control (Group III), but in Group II (treated, 2 weeks) a significant (P \ 0.001) increase in the percent hemolysis (33%) was observed as compared to Groups I, III and IV animals (Fig. 3 ).
Plasma and Tissue Lipids
Rats fed oxidized PC for 2 weeks (Group II) produced a significant increase in plasma TG (P \ 0.01) and cholesterol (P \ 0.05) content as compared to control (Group I). Treatment of rats for 4 weeks (Group IV) did not induce any marked changes in the level of cholesterol and TG. Cholesterol and TG level of the tissues (heart, liver and kidney) of all four groups are shown in Table 3 . No significant differences were observed.
TBARS Analysis in Tissues
The rats fed oxidized PC (Group II and IV) showed a marked and significant increase in TBARS in thymus, spleen, heart, kidney, liver and lungs compared to control (Group I and III)- Table 4 . The increase in TBARS in spleen and heart of Group II (treated, 2 week) were significantly higher (P \ 0.01) when compared to Group IV (treated, 4 week), while there was no significant difference in TBARS in kidney, liver, and lung. A marked increase in TBARS of thymus was observed in Group II (treated, 2 weeks) animals as compared to the thymus of animals in Group IV (treated, 4 week).
Discussion
It has been widely suggested that feeding of autoxidized oils to rats have resulted in growth retardation, loss of appetite, necrotic changes in several tissues, cardiomyopathy, hemolytic anemia, diarrhea, etc., and accumulation of peroxides in several tissues [1, 28, 29] . Similarly, the oxidation products of phospholipids including PC are known to have significant adverse biological effects [30] [31] [32] . Phopholipid hydro peroxides, an oxidation product of PC, can form a covalently linked lipid-protein adducts, which may play a role in the development of oxidative injury and functional impairment of biological membranes [33] . On the other hand, several workers [34, 35] have attributed important nutritional role of lecithin in both animal and humans. Alcohol induced fibrosis and cirrhosis in both animals as well as human have been shown to be reduced and even reversed after lecithin administration [36, 37] . Lecithin has also been reported to produce cholesterol-lowering effects [38] . The lecithin administration has been suggested for the prevention and treatment of atherosclerosis [39] . It also reduces chemically induced hepatocarcinogenesis in rats and the growth of hepatic cancer cells [40] . These reports highlight the protective and non-toxic effects of lecithin. The present study was carried out to explore the toxicity of oxidized PC due to its fast autooxidation [41] , the protective and non-toxic effects of lecithin and its wide application in food industry.
The oxidized PC used in this study contain about 13% linoleic acid (18:2 D 9 , 12 cis) in addition to palmitic 34.2% (16:0), stearic 18.3% (18:0), oleic (13.1%) (18:1 D 9 cis) and docosahexaenoic 2.2% (22:6) acids along with a moderately high amount of hydroperoxides and their degradation products, as apparent from its high TBARS (1200 mg/kg).
In earlier study [7] a decrease in body weight and food consumption was observed in rats fed diet containing autoxidized vegetable oils. This effect could be attributed to the oxidized oil added to the diet which caused taste and odor deterioration. However, in the present study when oxidized PC was given orally to the rats, a gradual increase in food consumption and body weight of animals in each group was observed. The slight gain in the body weight of the animals receiving oxidized PC corresponds to the general effect of phospholipids as growth promoter [41] . In the present study, there was no significant difference in the weight of different organs of treated and untreated rats. Several authors reported the hypolipidemic effect of PC in rats and humans [38, 39, [41] [42] [43] . The current study indicated that the rats treated with oxidized PC for 2 weeks (Group II) showed a significant increase in plasma cholesterol (P \ 0.05) and TG (P \ 0.01) content. However, this difference was not observed in rats treated for 4 weeks 
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Oxidized PC *** Fig. 3 Effect of oxidized and unoxidized PC on the rate of red blood cell hemolysis. Significantly different from its respective control at *** P \ 0.001 Results are means ± S.E. of n = 6 rats/group. Data were analyzed by Student's t-test. Significantly different from their respective control at * P \ 0.05; ** P \ 0.01 (Group IV). Cholesterol and TG content of liver, heart and kidney were not affected in both treated and control rats. It has been reported that the administration of oxidized oils to animals generally increase the TBARS of several organs and results in serious tissue damage [1, 26] . Our results also demonstrated the increase in TBARS substances in thymus, spleen, heart, kidney, liver and lungs of rats receiving oxidized PC. The accumulation of TBARS displayed an increasing trend over 4 weeks (Group IV) in kidney, liver and lungs while in case of heart, thymus and spleen a decline was observed after 4 weeks (Group IV) treatment. The reason for this decline in TBARS value of heart, thymus and spleen of Group IV is not certain. It may be partly due to the possible reaction of the secondary aldehydic oxidation products with protein, as reported by Gonzales et al. [44] . We found that the overall oxidative stress in the tissues were significantly higher after oxidized PC treatment, however, the effect varied considerably from tissue to tissue. The oxidative stress was much more pronounced in spleen and heart after a short treatment (Group II, 2 weeks), while kidney and liver were more stressed after prolonged treatment (Group IV, 4 weeks). The red cell membrane has been used as a model for oxidative damage to biomembranes as well as an index of vitamin E status [5] . Hemolysis is also a typical type of membrane damage induced by various lipids. Rats fed oxidized PC showed elevated hemolysis in Group II (2 weeks), while rats treated for 4 weeks (Group IV) did not show a significant increase in hemolysis as compared to its respective control. This may be partly due to more depletion of antioxidant defense system in the initial stages of oxidative stress. While during prolonged treatment the animals seem to adjust slightly to the oxidative stress caused by feeding reactive lipid oxidation products. The metabolic responses in terms of this adjustment to oxidative stress remain to be elucidated. Precise reason for this inconsistency needs further investigation.
It has been reported that immune system is particularly sensitive to oxidant mediated injury [38] . Lipid peroxidation caused by cumene hydroperoxide (in vitro) induces a functional deterioration in spleenocytes [3] , while Oreda et al. [28] demonstrated a significant damage in the thymus of mice by the oral intake of methyl linoleate hydroperoxide (MLHPO). The toxic effect of cumene hydroperoxide (in vitro) and MLHPO (in vivo) has been reported to show a depression of lymphocyte function. In the present study, the oxidized PC caused oxidative stress not only in liver, heart, kidney, and lung but it also caused an increase in TBARS of thymus and spleen that led to conclude that an uptake of oxidized PC may gradually lead to the compromise of immune response. 
